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For GC-MS, 1 µL sample was injected to RXi column as described for fruit 180°C and held at 180°C for 2 min, again a linear ramp of 3°C/min to 300°C and then held at 1 4 2 300°C for 18 min. Both ion source and injector temperature were 250°C and helium was used 1 4 3 as carrier gas at a flow rate of 1.5 mL/min. The mass spectra were recorded at a scan rate of 2 1 4 4 scans/sec with a scanning range of 40 to 850 m/z. The raw data were processed, and 1 4 5 metabolite identity was assigned as described above for GC-MS analysis. For all experiments, a minimum of 3-5 biological replicates was used and mean with 1 4 8 1 7 1 two mutations present in Penjar-1 were novel, the C to A transversion at 20 th position created The tomato fruits are considered fully ripe when the fruits acquire uniform red 1 8 3 coloration, albeit ripe Penjar fruits exhibited different colors. At the ripe stage, fruits of 1 8 4
Penjar-2 were light red, Penjar-1 were yellow-orange and Penjar-3 and -4 were orange 1 8 5 colored (Fig. S2A ). The attainment of uniform coloration by Penjar fruits was considered 1 8 6 equivalent to the red ripe stage (RR) of AC. The fruit growth of Penjars was nearly similar to AC up to mature green stage (MG). Table S1 ). However, at RR only 2 4 1 FATB transcript was commonly altered reinforcing that the cuticle biogenesis is more 2 4 2 specifically modulated in Penjars at MG than at RR. In tomato, fruit ripening is accompanied by progressive softening of cell walls by a (EXP), pectin methylesterase (PME), galactosidase (α-GAL, β -GAL), mannosidase (α-MAN, 2 5 0 β -MAN), deoxyhypusine synthase (DHS) and hexosaminidase (HEX) was examined. Penjar fruits ( Figure 4 ). Only PG2A and HEX genes showed higher expression at RR in 2 5 4
Penjar-1, and -2 than AC. At SEN, Penjars showed accession-specific variation in gene 2 5 5 expressions. All Penjars showed higher expression of α -MAN, β -MAN, PG-β genes than AC. Among different Penjars, expression of α -GAL and PG2A was greater in Penjar-1, and -3, β -2 5 7
GAL was elevated in Penjar 2, PME and EXP was higher in Penjar-3, and DHS, HEX was 2 5 8 enhanced in Penjar-3, -4 than AC. The analysis of promoters of above genes revealed the presence of multiple NAC binding sites ( Fig. S7 ; Table S4 ). In tomato, a climacteric fruit, ethylene production is coupled to ripening and the 2 6 2 associated fruit coloration and softening (Alexander and Grierson, 2002) . Though the overall and lower carotenoid content, the Penjar fruits emitted significantly less ethylene than AC 2 6 5 ( Fig. S8A ), excepting Penjar-2 that emitted slightly higher ethylene at BR. In consonance 2 6 6 with reduced ethylene emission, at RR, the transcript levels of key genes of system II 2 6 7 ethylene biosynthesis -1-aminocyclopropane-1-carboxylate synthase 2 and 4 (ACS2, ACS4), 2 6 8 and at BR of 1-aminocyclopropane-1-carboxylic acid oxidase 1 (ACO1) were significantly 2 6 9 lower in Penjars than in AC ( Fig. S8B-D) . In contrast, system I ethylene biosynthesis gene- Penjar-2 and AC may be related to slightly higher ethylene emission from Penjar-2 fruits. However, the stimulation was substantially lower in Penjars ( Figure 5 ). The upregulation of 2 7 7
JA was sustained at SEN in AC, and light-red fruited Penjar-2, while it declined in Also, the levels of abscisic acid (ABA), indole-3-acetic acid (IAA), indole-3-butyric 2 8 5 acid (IBA) and zeatin were altered in Penjar fruits ( Figure 5 ). In AC, ABA level increased both AC and Penjars, zeatin levels did not correlate with fruit senescence. Since ripe Penjar fruits do not acquire typical deep red coloration, it was assumed that 2 9 5 NOR mutations might have influenced the carotenogenesis in fruits. Profiling of carotenoids 2 9 6 at different stages revealed substantially low carotenoid levels in Penjars ( Fig. S9 ), akin to 2 9 7 1 2 nor and alc (Kopeliovitch et al. 1979; Sink Jr. et al. 1974) . Consistent with light-red color, 2 9 8
Penjar-2 fruits accumulated higher levels of phytoene, phytofluene, and lycopene than other 2 9 9 three Penjars. In tomato, phytoene synthase 1 (PSY1) and chromoplast-specific lycopene β - respective Penjars, with the least reduction in Penjar-2 ( Fig. S10 ). Interestingly, Penjar-1 3 0 4 fruits showed 2-fold higher CYCB expression at RR than AC, which is reflected as high β -3 0 5
carotene/lycopene ratio than other Penjars (Table S2A ). The transition from RR to SEN in 3 0 6
Penjar fruits was marked by an accelerated loss in carotenoids levels (~50-70%) than AC 3 0 7 (26%) ( Table S2B ). Among PSY1 and CYCB, at SEN, the PSY1 expression declined more interesting patterns ( Fig. S11 ; Table S3 ). Penjar-1, -2 -3, and AC showed a strong positive 3 1 2 correlation between JA and carotenoid levels, and ethylene and PSY1 expression levels. In Using GC-MS, we identified ~110 primary metabolites in the MG, BR, RR and SEN 3 1 8 fruits of AC and Penjars (Table S5 ). Notwithstanding the diverse metabolite composition in while the profiles were closer in PC1, they showed accession-specific differences in PC2 3 2 2 ( Fig. S12B ). Based on functional groups, the identified metabolites were classified as organic downregulation in Penjar fruits compared to AC were mapped ( Figure 6 ). The fruits of Penjars displayed differential accumulation of Krebs cycle intermediates levels were lower than AC during ripening. Citrate, the most abundant organic acid in ripe 3 3 0 fruits, was significantly lower in Penjar fruits at SEN, whereas, at RR, the citrate level was 3 3 1 1 3 lower in Penjar-1 and -3 than AC. Likewise, the acotinate levels in RR fruits were also highly 3 3 2 reduced than AC, albeit at SEN, the levels were nearly similar. Though the levels were low at 3 3 3 RR, malate, fumarate and methyl maleate were significantly upregulated at SEN in Penjars.
4
The levels of succinate in Penjar fruits decreased during ripening and SEN. were higher than AC at respective stages. All Penjar fruits had reduced level of serotonin (5- Ripening Penjar fruits characteristically exhibited substantially higher levels of glucose,
fructose, glucose-6-P, sucrose, etc. than AC ( Fig. S15 ). At SEN glucose and fructose levels 3 5 7 declined in Penjars but increased in AC. The Penjar fruits at SEN also showed increased 3 5 8 levels of glucose-6-P, fructose-6-P, and mannose-6-P. At SEN, high levels of cell wall- Tomato being a perishable fruit is the subject of intensive investigations to extend its and nor in tomato (Casals et al. 2012; Dias et al. 2003; Garg et al. 2008a) . In this study, we indicates that post-harvest shelf life is considerably prolonged in the Penjar fruits. In nor/alc mutant, the delayed onset or total loss of ripening signifies that the NOR of RIN, and optimal regulation of ripening requires a concerted action between these two A factor influencing fruit firmness is the cuticle as it prevents water loss and sustains constituents and gene transcripts, whereas, at RR, such a shared regulation is largely absent. In addition to the cuticle, the cell wall is also considered a key determinant for fruits was associated with lower expression of system II ethylene biosynthesis genes, ACS2, influence the regulation of carotenogenesis in tomato.
7
In tomato, suppression of ethylene biosynthesis delays ripening of fruits and extends The extension of shelf life of fruits demands an optimal utilization of stored resources.
5 8
During post-harvest storage, the fruits are deprived of support from the mother plant and can metabolism was not restricted to respiration, but even protein turnover was reduced, as In summary, our study revealed a wide-ranging influence of NOR mutations on diverse walls. The sustenance of firmness seems to be correlated with higher sucrose and reduced 4 7 9
water loss, and hitherto unknown features of cuticle composition/architecture in the Penjars. The authors declare no conflict of interest. The following materials are available in the online version of this article. and Penjar fruits. Table S3 . The interactions between different metabolites and genes in the correlation 5 3 5
networks of AC and Penjar fruits. during ripening and post-harvest storage using GC-MS. Biotechnology 34, 950-952. The fruits were harvested at the ripe stage, and cuticular wax from the surface of both AC and The metabolites indicated in gray letters on the pathway were not detected in the GC-MS The relative abundances of the metabolites in Penjar fruits at MG, BR, RR and SEN stages were obtained from the Log 2 Penjar/AC values and only those metabolites with ≥1.5 fold change (n=5 ± SE, P ≤0.05) were mapped on the pathway. The scale at the top left corner represents Log 2 fold changes in the range of -3 to +3. The metabolites indicated in gray letters on the pathway were not detected in our GC-MS analysis.
